Viperin, an interferon-inducible antiviral protein, is shown to bind an iron-sulfur cluster, based on iron analysis as well as UV-Vis and electron paramagnetic resonance spectroscopic data. The reduced protein contains a [4Fe-4S] 1+ cluster whose g-values are altered upon addition of S-adenosylmethionine (SAM), consistent with SAM coordination to the cluster. Incubation of reduced viperin with SAM results in reductive cleavage of SAM to produce 5 0 -deoxyadenosine (5 0 -dAdo), a reaction characteristic of the radical SAM superfamily. The 5 0 -dAdo cleavage product was identified by a combination of HPLC and mass spectrometry analysis.
Introduction
Viperin (virus inhibitory protein, endoplasmic reticulum-associated, interferon-inducible) has been shown to be strongly induced by both type I and II interferons in response to a variety of different viral infections [1] [2] [3] [4] [5] [6] [7] , however the specific means by which viperin acts to carry out its antiviral function has yet to be identified. Insight into a possible mode of action for viperin was provided by the recent demonstration of its interaction with farnesyl diphosphate synthase (FPPS), an enzyme that is essential for isoprenoid biosynthesis, including squalenes and sterols [7, 8] . Wang et al. provided evidence that the intracellular interaction of viperin with FPPS decreases the activity of FPPS, ultimately disrupting the formation of lipid rafts and thereby increasing the lateral mobility of the plasma membrane [7] . However, the specific biochemical interactions between viperin and FPPS, and the roles these might play in the pathways downstream of FPPS leading up to isoprenoid biosynthesis, remain to be identified.
The finding of a relationship between viperin function and lipid raft disruption was significant due to the important roles lipid rafts play in the life cycles of a number of viruses, including both HIV and the influenza virus [9] ; thus lipid raft disruption could be a novel mode of antiviral activity [7] . A simplified illustration of an immune system response to viral infection is shown in Fig. 1 , wherein viral infection triggers upregulation of several genes leading to production of interferon regulatory factor 3 (IRF3), which stimulates interferon (IFN) production. Secreted IFNs bind to type I IFN receptors (IFNR) and activate formation of IFN stimulated gene factor 3 (ISGF3), which then triggers the IFN stimulated response element (ISRE) of the gene promoter. In turn, genes for numerous antiviral proteins, including viperin, are upregulated. Viperin (shown as red boxes) migrates to the cytosolic face of the endoplasmic reticulum (ER) where it can interact with FPPS (shown as green circles) [7] . Viperin binding with FPPS leads to disruption of lipid raft domains thereby forming viral buds with ''stalk-like" or ''daisy chain" structures, which cannot be released from the plasma membrane [7, 10] .
Viperin has been suggested to be a member of the radical Sadenosylmethionine (SAM) superfamily due to the presence of a CX 3 CX 2 C motif, as well as some additional motifs found in other radical SAM enzymes [11] . However, the biochemical characteristics and the precise function of viperin remain unknown. Sequence analysis suggests that human viperin is a three-domain protein, with the radical SAM domain (residues 77-209) flanked by a leucine zipper domain (residues 1-76), and a C-terminal domain [12] . The leucine zipper domain may be responsible for proper folding of the protein as well as anchoring the protein to the cytoplasmic side of the ER [13] . We report here the first spectroscopic and biochemical evidence that human viperin is a radical SAM enzyme that contains the characteristic [4Fe-4S] cluster and catalyzes the reductive cleavage of SAM. The identification of viperin as a radical SAM enzyme provides a foundation for understanding its specific mode of action in the immune response to viral infection.
Materials and methods

Materials
S-Adenosylmethionine was synthesized from methionine and ATP using SAM synthetase and subsequently purified using cation exchange chromatography as previously described [14] . All other chemicals were obtained from commercial sources.
Cloning of viperin
The cDNA for human viperin (cig5) lacking the N-terminal sequence encoding the leucine zipper (cDNA provided in pcDNA3.1) was received as a generous gift from Peter Cresswell at Yale University; the cig5 cDNA in pLNCX2 was also received as a generous gift from Michael Beard at the University of Adelaide, Australia. Cig5 was PCR amplified from pcDNA3.1. The PCR fragments were purified, digested and ligated into a pET-14b vector (Novagen) containing an N-terminal 6x-Histidine affinity tag (His 6 ) (see Supplementary material).
Viperin expression, purification, and reconstitution
Viperin lacking the leucine zipper domain (viperin 43-340 hereafter) was overproduced in Escherichia coli Rosetta(DE3)pLysS cells (Novagen). Growth of cell lines and protein expression was performed as described in Supplementary material. Lysis, purification and reconstitution procedures were all carried out under anaerobic conditions in an anaerobic chamber (Coy Laboratories) (see Supplementary material). Protein concentrations were determined by the Bradford method using bovine serum albumin as the standard [15] . Iron content was evaluated spectrophotometrically [16] .
Spectroscopic characterization
For UV-Vis absorption experiments, samples were transferred to an anaerobic cuvette within an anaerobic chamber (Mbraun) containing 1 ppm or less of O 2 . Room temperature UV-Vis absorption data were acquired using a Cary 6000i UV-Vis/near-IR spectrophotometer (Varian) with Spectrosil 1.4 ml anaerobic cuvettes (Starna). Low temperature X-band CW (continuous wave) electron paramagnetic resonance (EPR) spectra were recorded using a Varian E-109 spectrometer modified with a National Instruments computer interface (for data collection and field control) and equipped with an Air Products and Chemicals LTD-3-110 Heli-Tran Liquid Helium Transfer Refrigerator (Allentown, PA). EPR parameters were as follows: sample temperature 12.5 K; microwave frequency 9.24 GHz; microwave power 2 mW; time constant 0.50; each spectrum shown is the average of three scans.
Reduction of viperin
Reduction of viperin was carried out in an anaerobic chamber (Mbraun). Reaction mixtures consisted of 5 mM DTT, 50-100 mM Tris pH 7.0, 58-135 lM of as-isolated or reconstituted viperin in HEPES buffer pH 7.0, and 50-100 lM 5-deazariboflavin (DAF) or 1 mM dithionite depending on method of reduction. Mixtures were prepared by combining reagents from anoxic stock solutions in the order listed above, with DAF or dithionite always added last. Reactions using DAF were illuminated with a 300 W halogen lamp for 1 h and kept cool during illumination by immersion in an ice water bath. Reductions using dithionite were incubated on ice for 10 min. After the reduction of viperin, SAM (3 equiv to protein) was added to the samples and allowed to incubate for 5-10 min. Samples to be used for EPR analysis were placed in an EPR tube and flash frozen. Samples to be used for UV-Vis analysis were immediately transferred to an anaerobic cuvette and analyzed spectroscopically.
In vitro SAM cleavage assay
SAM cleavage samples were prepared anaerobically. The detection of the cleavage and degradation products including 5 0 -deoxyadenosine, S-(5 0 -adenosyl)-L-homocysteine and methylthioadenosine was accomplished using HPLC and confirmed by mass spectrometry (see Supplementary material).
Results and discussion
Purification and biochemical properties of viperin
The cloning of cig5 (minus the N-terminal region encoding the putative membrane anchor) into the pET14b vector was confirmed with restriction enzyme digestion. Synthesizing viperin 43-340 from the bacterial plasmid did not result in significant overproduction (Fig. S1) , even though the E. coli Rosetta(DE3)-pLysS cells, containing some of the rare codons found in mammalian genes but absent in bacteria, were used. Large scale growths generally yielded $25 mg of protein per 60 g of cell paste. The instability of the viperin 43-340 protein led to high levels of precipitation when concentrated to levels >250 lM or during repeated freeze-thaw cycles. The observed instability of viperin 43-340 could be related to the removal of the N-terminal domain during the cloning process. Hinson and Cresswell showed that the lack of the N-terminal domain could negatively affect protein dimerization [13] , and it is clear that the lack of this domain prevents membrane localization; either or both of these effects could have an impact on overall protein stability. In addition, viperin contains several putative N-glycosylation sites in the radical SAM domain, and these would not be glycosylated upon expression in a bacterial host; the lack of glycosylation could also have an affect on protein stability. 
Viperin binds a reducible [4Fe-4S] cluster
Purified viperin 43-340 was found to contain iron (0.9 ± 0.2 mol Fe/mol viperin) and was dark yellow to light brown in color at concentrations of $100 lM. After reconstitution, the protein became dark brown in color at similar concentrations and contained an enhanced amount of iron (3.7 ± 0.1 mol Fe/mol viperin). The UV-Vis absorption spectra for the purified as-isolated and reconstituted viperin 43-340 samples show broad overlapping ligand-to-metal charge transfer (LMCT) transitions characteristic of iron-sulfur clusters, including a sharp feature at $315 nm and a broad peak between $370 and 450 nm, both of which are typical features for proteins containing [4Fe-4S] 2+ clusters ( Fig. 2A ) [17] [18] [19] . The reconstituted enzyme exhibits higher intensity for the LMCT features, consistent with its higher iron numbers, as well as an additional feature at $615 nm, perhaps indicative of the presence of [2Fe-2S] 2+ clusters ( Fig. 2A ) [20] . Reduction of the reconstituted protein with either dithionite or photoreduced 5-deazariboflavin results in decreased intensity throughout the visible region (Fig. 2B) Fig. 3C ), consistent with the coordination of SAM to the [4Fe-4S] cluster as observed for other radical SAM enzymes [25, 26] . Together, the UV-Vis and EPR spectroscopic data provide the first clear evidence that viperin binds an iron-sulfur cluster with properties characteristic of the radical SAM enzymes.
Viperin catalyzes the reductive cleavage of SAM
The most characteristic feature of the radical SAM superfamily enzymes is their ability to catalyze the reductive cleavage of SAM to yield methionine and a 5 0 -deoxyadenosyl radical intermediate
In the normal catalytic reactions, the 5 0 -dAdo Å abstracts a hydrogen atom from substrate to initiate subsequent transformations. Many of these enzymes, however, exhibit uncoupled SAM cleavage, whereby even in the absence of substrate the production of methionine and 5 0 -deoxyadenosine (5 0 -dAdo) can be observed under reducing conditions. Because the substrate for viperin is currently unknown, we examined the ability of viperin 43-340 to catalyze uncoupled reductive cleavage of SAM. Fig. 4A shows that in the absence of viperin, SAM remains uncleaved with one major peak eluting at 2.4 min (SAM) along with a minor peak (11.0 min) representing a small amount of degradation of SAM into methylthioadenosine (MTA). In the presence of viperin , HPLC analysis demonstrates the appearance of two new peaks eluting at 5.8 and 6.5 min, which correspond to the elution times of S-(5 0 -adenosyl)-L-homocysteine (SAH) and 5 0 -dAdo, respectively (Fig. 4B) . To confirm the identity of the compounds eluting at 5.8 and 6.5 min, the peaks were collected and subjected to electrospray-ionization (ESI) mass spectrometry. MS analysis for the sample collected at 5. 
Conclusion
We demonstrate here that viperin 43-340 binds a reducible [4Fe-4S] cluster and catalyzes the reductive cleavage of SAM, thus pointing directly to a role for radical SAM chemistry in the antiviral response. Shaveta et al. recently reported that viperin is a radical SAM enzyme, however the only evidence presented was a brown color and the corresponding UV-Vis spectrum after reconstituting viperin [27] . Unlike our work reported herein, Shaveta et al. did not remove excess iron and sulfide after reconstitution; as a result, the UV-Vis data indicates a huge excess of adventitious iron-sulfur clusters, as the extinction coefficient is an order of magnitude higher than typically observed for a single [4Fe-4S] cluster per protein [27] . The iron content of the reconstituted protein examined by Shaveta et al. was not reported, and thus quantitative comparisons to our results cannot be made. Regardless, the observation of binding of iron and sulfide to a protein does not constitute evidence that the protein belongs to the radical SAM superfamily. Our current results demonstrating the binding of a reducible [4Fe-4S] cluster that interacts with SAM, as evidenced by spectroscopy, and that reductively cleaves SAM, as evidenced by HPLC/MS, does provide clear evidence that viperin is a radical SAM enzyme.
The radical SAM superfamily enzymes catalyze a diverse range of reactions, all of which are initiated by a hydrogen atom abstraction from substrate [28] . Given the evidence that viperin inhibits FPPS and disrupts lipid raft formation, two particular classes of radical SAM reactions seem particularly relevant in providing insights into the mode of action of viperin. First, the glycyl radical activating enzymes provide precedent for radical SAM enzyme-catalyzed protein modification [28] , which could be a basis for inactivation of FPPS by viperin. Second, radical SAM enzymes catalyzing alkane functionalization [29] support the possibility of viperin-catalyzed functionalization of a metabolite downstream of FPPS; such modification could disrupt cholesterol biosynthesis or the ability of the functionalized cholesterol to form lipid rafts. While the substrate for viperin has yet to be identified, the results presented herein provide significant new insight into the chemistry underlying the antiviral response mediated by viperin. 
